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One-dimensional  (1D)  nanostructures,  such  as  nanowire,  nanorods,  and 
nanotubes,  have shown great promise in both fundamental and application studies due to 
their size, structure,  and  several other unique  properties. In this study, magnesium 
oxide (MgO) nanowires (NWs) with varying diameter have been grown on magnesium 
oxide (100) single crystal substrates using a pulsed laser deposition (PLD) technique. 
Magnesium oxide was chosen due to its high melting point, high hardness, high tensile 
strength, excellence diffusion barrier, and good biocompatibility. In the fabrication of 
MgO nanowires, gold has been used as a catalyst. 
A systematic study has been carried out to identify critical parameters for the 
fabrication of single-crystalline MgO nanowires. These parameters included substrate 
temperature, ambient pressure, and catalyst size. The diameter of MgO-NWs was  
found  to  depend on the diameter of the gold catalyst. Using this finding, the 
diameter of nanowires w a s  v a r i e d  from 12-46 nm. T h e  s i z e  o f  g old particles 
prior to MgO deposition was in the range of 3-12 nm. The diameter of MgO-NWs 
linearly depended on the number of pulses used to deposit the gold catalyst. To 
determine the biocompatibility of MgO-NWs, cultures of primary osteoblast cells and 
osteoblast cell lines were used to simulate in vitro response in various cell-based assays 
xvi 
 
to measure cytotoxicity. These tests included lactate dehydrogenases (LDH) assays, 
live/dead assays to determine cell viability, and proliferation assays. LDH released 
from all MgO nanowire samples were close to the LDH released from the low control 
and much lower than high control. The low LDH release from the samples indicated the 
low cytotoxicity of MgO nanowire. Future work is needed to explore the possibility of 
growing MgO nanowires in existing and future implant material surfaces. It is also be 









One-dimensional (1-D) nanostructures are being widely investigated because 
they have shown great promise for understanding the mechanisms of some fundamental 
phenomena as well as in the development of novel device applications.   Transition metal 
oxide nanowires, such as MgO nanowires, can have desirable physical properties, with 
results benefitting the biological, nanoelectronic, optoelectronics, and photonic fields 
(Xia et al., 2003). The conventional method for fabricating 1-D nanostructures was 
through the vapor-liquid-solid (VLS) technique (Wagner & Ellis, 1964). Reducing the 
size of the crystalline structure improves the properties of the material as a whole 
(Goddard, 2003). A fundamental aspect of VLS growth indicates that the shape of the 
nanowires depends on the catalytic droplet size. Other parameters that influence the 
growth of MgO nanowires are substrate temperature, substrate surface orientation, and 
ambient pressure. In this study, we have investigated the effect of catalyst droplet size 
on the growth of magnesium oxide (MgO) nanowires. By optimizing the gold catalyst 
droplet size, we can tune the MgO nanowire diameter to match the dimensions of 
biological tissues. Numerous research groups have successfully synthesized MgO 
nanowires using MgO target in an oxygen environment, or MgO nanotubes in an argon 
environment. In addition to MgO nanowires, other researchers have fabricated ZnO and 
Si nanowires widely used in solar and biological applications. 
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Many methods can be used to fabricate nanowires, but the two most common 
approaches are the top-down and the bottom-up methods (Samuelson, 2003). In a top-
down approach, a bulk material is milled, cut, or shaped to a desired dimension through 
different methods, such as lithography, electrophoresis, or inkjet printing. In contrast, 
the bottom-up method uses single molecules such as adatoms to self-organize or self-
assemble a monolayer into a useful conformation. Pulsed laser deposition (PLD) or 
vapor-liquid-solid (VLS) is a bottom-up method. Most nanowire fabrication techniques 
are based on a bottom-up method. Figure 1.1 shows that cross-sectional shapes of 
nanowires can be rectangular, hexagonal, cylindrical, and triangular. Figure 1.2 shows 
fabrication methods for nanomaterials (a) shows how bulk graphite is transformed into 
nanoscale sheet. (b) shows nanoscale particles coalescing to make a nanowire. 
 
 





Figure 1.2. Schematic of (a) transformation of graphite bulk material into graphene 
nanoscale sheet via a top-down method (b) formation of nanoscale 




1.2 Properties of Nanowires 
One-dimensional (1-D) nanowires and nanorods of metallic and semiconducting 
material have received a good deal of research interest recently because of their unique 
physical properties, which differ from those of the corresponding bulk or three 
dimensional (3-D) materials. Nanowires have two quantum-confined dimensions and one 
unconfined dimension (Dresselhaus, 2003). The less space a particle can occupy, the 
higher its energy will be. Therefore, the electrical conduction behavior of nanowires is 
different from that of bulk material. In nanowires, electronic conduction takes place both 
by bulk conduction and through a tunneling mechanism. On the contrary, due to their 
high density in an electronic state: where a quantum state of a system consisting of 
electrons, a diameter-dependent band gap, the enhanced surface scattering of electrons 
and phonons, increased excitation binding energy, high surface-to-volume ratio, and 
Graphite                        Graphene 
Particles                         Nanowire 
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large aspect ratio, nanowires of metals and semiconductors exhibit unique electrical, 
magnetic, and thermoelectric properties compared to their bulk parent counterparts 
(Dresselhaus, 2003). Depending on the material composition, a nanowire can serve as an 
insulator, not carrying a charge; a metal, carrying a charge, or a semiconductor, falling 
between the two, depending on the conditions. The interesting properties of nanowires, 
such as transport properties, are promising for applications in electronics, optics, 
magnetic media, thermoelectronic, and sensor devices (Patolsky, Zheng & Lieber, 2006). 
Nanowires are also potential candidates for sensor and bio-medical applications. 
The transport properties of nanowires are important to electronic device 
applications and the investigation of unusual transport phenomena arising from one-
dimensional quantum effects. The many elements that determine the transport properties 
of nanowires include the wire diameter, which is important in term of classic dynamic 
and quantum size effects (Kunio, 2001). Other factors influencing transport properties 
are material composition, surface conditions, crystal quality, and the crystallographic 
orientation along the wire axis. The electronic transport phenomena in a low-dimension 
system such as nanowires can be roughly categorized into two types: ballistic transport 
and diffusive transport. Ballistic transport occurs when the electrons can travel across the 
nanowire without any scattering, hence the term ballistic. Such conduction is largely 
determined by the contacts between the nanowire and the external circuit, and the 
conductance is quantized into an integral number of universal conductance units (Kunio, 
2001): 
                                                   
  
 




G = quantized conductance  
e = electron charge 
      h = Planck’s constant 
Ballistic transport phenomena usually occur in very short quantum wires. For ballistic 
transport to occur, the thermal energy must obey the relation 
                                                                                                                                (1.2) 
where 
 
              is the energy separation between sub-band levels j and j-1. 
 
On the other hand, when nanowires are much longer than the carrier mean free 
path, the electrons scatter when they travel along the wire as shown in Figure 1.3. When 
this scattering occurs, the transport is in the diffusive stage, and the conduction is 
dominated by carrier scattering within the wires due to phonons or lattice vibrations, 
boundary scattering, lattice or other structural defects, and impurity atoms. Figure 1.3 
shows diffusive and ballistic transport of electrons in one-dimensional wires. l is the 




Figure 1.3. Schematic of ballistic and diffusive transport (Kunio, 2001) 
 
 1.3 Applications of Nanowires 
At the nano-size level, nanowires exhibit properties far exceeding those of their 
bulk material. Because of their properties, nano-sized devices have been used in many 
applications in nanotechnology. In Japan, many patients have received artificial hip joints 
consisting entirely of a titanium alloy that consists of a nanoscale sodium titanate 
hydrogel layer on a titanium metal surface (Sekhon & Kamboj, 2010). Some nanoscale 
powders with antimicrobial properties are made of simple, nontoxic metal oxides, such as 
magnesium oxide (MgO) and calcium oxide, in nanocrystalline form. These carry active 
forms of halogens such as       and        (Sekhon & Kamboj, 2010). Nanoscale 
MgO shows high activity against bacteria, spores, and viruses after absorption of halogen 
gases. 
Furthermore, researchers at the University of Bergen, Norway, successfully built 
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a cell-to-cell communication line using tunneling nanotubes (TNTs) (Wang et al., 2010). 
Communication plays an important role in physiological processes of multicellular 
organisms. Researchers have used tunneling nanotubes, typically 50 to 200 nm in 
diameter and up to several cell diameters long, to mediate bidirectional transport of 
electrical signals between cells as shown in Figure 1.4. Data have indicated electrical 
signals between TNT-connected normal rat kidney cells over distances of 10 to 70 μm 
(Wang et al., 2010). Similar results were obtained for other types of cells, indicating that 
electrical coupling through TNTs may be a widespread characteristic of animal cells. 
 
 
Figure 1.4. Depolarization signals spread between TNT-connected NRK cells  
(Wang et al., 2010) 
 
 
Nanowires have also been used to interface with mammalian cells. Researchers 
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from the Lawrence Berkeley National Laboratory used silicon nanowires to probe and 
manipulate biological processes occurring inside the cells (Kim et al., 2007). A direct 
interface of silicon nanowires with mammalian cells, such as mouse embryonic stem 
(mES) cells and human embryonic kidney (HEK 293T) cells, was established with no 
external force applied. The cells were cultured on a silicon (Si) substrate with a vertically 
aligned silicon nanowire array on it. This technique of introducing silicon nanowires into 
living cells helps to connect cells with one another. Besides biological applications, Si 
nanowires are used in electrical applications dues to their properties. 
Many researchers are using silicon nanowires (SiNWs) as a light trapping device 
for solar cells (Stelzner et al., 2008). Modified SiNWs exhibit such properties as strong 
broadband optical absorption, making them an interesting candidate to serve as an 
absorber in solar cells. In the Stelzner experiments, n-doped SiNWs were grown on a p-
doped silicon wafer. Over 0.6 cm
2 
area of the solar cell they were able to obtain an open-
circuit voltage of 230-280 mV and a short-circuit current density of 2 mA cm
-2
. These 
data indicate a significant reduction of the reflectance and strong light trapping by the 
nanowires. Even though the use of SiNWs-based solar cells is still in its infancy, the 





1.4 Thesis Objectives and Organization 
  
The work reported in this thesis is focused towards perfecting the fabrication of 
magnesium oxide nanowires, precisely controlling their diameter, and studying their 
physical, structural, and biological properties.  The work has led to establishing a 
mechanism for the growth of untapered MgO nanowires. The organization of the thesis is 
a follows. The first chapter of the thesis introduces the importance of nanowire materials. 
The second chapter reviews the work carried out by others in this field. The details of 
experimental procedures employed in the thesis are described in chapter 3. The results 
and discussion are presented in Chapter 4. The thesis ends with chapter 5 which 


















One-dimensional (1-D) nanostructures such as nanowires (NWs) have become 
attractive and intensely investigated in nanotechnology because nanowires are promising 
nanoscale building blocks that could be used in such devices as electronic, photonic, and 
ultrasensitive biomolecule sensors. Researchers from Osaka University in Japan have 
mastered the epitaxial growth of magnesium oxide nanowires (MgO-NWs) by the pulsed 
laser deposition (PLD) technique (Yanagida, Nagashima, Tanaka & Kawai 2008)  MgO 
might have potential applications in catalysis, as additives in refractory, paint, and 
insulating layers, and in tunnel magneto resistance junctions. In this experiment, MgO 
was used as a single crystal substrate for thin film growth. Figure 2.1 shows MgO-NWs 
were grown on MgO (100) single crystal substrate by using gold (Au) nanodots in 
catalyst-assisted PLD (Yanagida, Nagashima, Tanaka & Kawai 2008). This study also 
shows that other parameters such as laser energy, thickness of the Au catalyst, the 
repetition rate, the oxygen pressure, and the deposition temperature are crucial 
parameters in nanowire formation. This paper also shows the effect of different substrate 







Figure 2.1. NWs growth on MgO substrate: (a) gold catalyst on MgO substrate, (b) 
NWs in catalyst-assisted PLD, (c) difference   between gold-coated and 
non-coated substrate, (d) the effect of Au thickness if the catalyst is too 
thick. The scale bar is 100 nm (Nagashima et al., 2007) 
 
 
MgO-NWs grow only in regions where the gold catalyst exist, as shown in Figure 
2.1. In this figure, box (a) shows gold film thickness of 1 nm patterned area on MgO 
(100) single crystal substrate; box (b) shows vertical alignment of MgO-NWs growth on 
a patterned area of Au on MgO substrate; box (c) shows NWs growth difference between 
gold-coated and non-coated substrate. It is clear that areas without Au catalyst will 
produce no NWs. Box (d) shows the effect of the amount of Au catalyst on the 
morphologies of the deposited surface when the Au catalyst is too thick. Thus, the 
findings indicate the need to optimize Au catalyst size and deposition temperature to 
grow good quality NWs. In Figure 2.1, box (b) shows the NWs are vertical. 
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The growth direction of fabricated NWs strongly depends on the substrate 
orientation. The orientation of the substrate has a significant effect on the physical, 
optical, and electrical properties of the deposited film. Epitaxial growth refers to a 
deposition of a layer that matches the crystalline order of the substrate. This process of 
growing MgO-NWs on a MgO substrate is a homoepitaxy in which the layer grown is of 
the same material as the substrate. Figure 2.2 shows the orientation effect of MgO 
substrate on the growth direction of MgO-NWs using three different MgO-oriented single 
crystal substrates (100), (110), and (111). Box (a) shows vertical alignment of NWs on a 
100 substrate, box (b) shows NWs grown on a 110 substrate, and box (c) shows NWs 
grown on a (111) substrate (Yanagida, Nagashima, Tanaka & Kawai 2008). Figure 2.2 
clearly shows the epitaxial growth of MgO nanowires along the [100] direction. 
 
 
Figure 2.2. Orientation effect of MgO-oriented single crystal substrate: (a) 
tilted image of MgO-NWs grown on (100) substrate, (b) MgO-
NWs grown on (110) substrate, (c) MgO-NWs grown on (111) 
substrate (Nagashima et al., 2007) 
 
 
Substrate orientation is a big factor in fabricating MgO-NWs, but other factors 
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such as Au thickness and growth temperature also effect the growth of quality NWs. 
Yanagida et al. (2008) at Osaka University described the effect of gold catalyst size and 
substrate temperature on MgO nanowire growth. They concluded that critical catalyst 
particles size increased with increase in deposition temperature. Thus, controlling the 
catalyst size is one of the important issues for the desired functionalities of the nanowire 
devices. In this paper, the thickness of Au catalysts ranged from 0.3 to 8 nm, which were 
deposited on MgO substrates and controlled by the deposition time. The growth 
temperature was varied from 400-850 ˚C (Nagashima, Yanagida, Tanaka & Kawait, 
2007). The findings indicate the need to optimize Au nanodot thickness and deposition 
temperature to grow high quality nanowire. 
In fabricating quality MgO-NWs, it is essential to maintain a uniform diameter 
throughout its length. It has been reported that relatively long MgO-NWs are not feasible 
because of the catalyst diffusion from the tip (Nagashima, Yanagida, Oka, Tanaka & 
Kawait, 2008). Non-uniformity in the diameter of nanowires occurs because of the 
tapering effect. There are several scenarios to explain the occurrence of tapering. The 
first, most well-known mechanism of the tapering phenomenon is based on catalyst 
diffusion from the tip. Because the interface between the catalyst droplet and the solid 
determines the nanowire diameter, a change in the droplet size due to catalyst diffusion 
during growth results in tapering. The other scenario addresses sidewall growth due to 
crystallization at the sidewall. Experiments have been carried out by researchers to study 
the effects and solution. Nagashima et al., (2008) demonstrated the ability to control 
sidewall growth and catalyst diffusion on oxide NWs. To reduce tapering in NWs, they 
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used a mixture of oxygen (O2) and argon (Ar) gases with varying ratios. By varying the 
ratio, they were able to suppress both the oxidation of adatoms and the sidewall and 
catalyst diffusion from the tip of the NWs. Figure 2.3 (a) shows the schematic of NWs 
growth with possible mechanisms affecting the tapering phenomenon, and (b) shows that 
the NWs diameter size tends to increase gradually below the droplet even though the Au 
catalyst droplet still remains on the tip. When mixtures of oxygen and argon with varying 
oxygen partial pressure were added during the growth of NWs, the tapering decreased. 
This method helps to suppress the catalyst diffusion from the tip. The drastic changes in 
the NWs morphology can be seen in the images. Nagashima et al., (2008) also indicated 
that the degree of tapering can be defined as 
                                 Td = (Db-Dt) / Db x 100                                              (2.1) 
where Db is the diameter at 500 nm below from the MgO-NWs tip and Dt is the diameter 
at the tip. The results show that with the reducing of catalyst diffusion the diameter of the 
NWs remains constant.  
 
 
Figure 2.3. Schematic of catalyst droplet diffusion resulting in NWs tapering 
(Nagashima et al., 2008) 
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Furthermore, the annealing treatment of Au-coated substrates plays an important 
role in MgO- NWs growth. Investigating the mechanism of the metal catalyst under 
different conditions, Kim et al., (2007) synthesized crystalline MgO-NWs on Au-coated 
substrates by heating MgB2 powders. They also carried out annealing of Au-coated 
substrates prior to the MgO deposition process. First, they deposited a 3 nm thick Au 
layer on Si (100) substrate by ion sputtering. After depositing the Au layer on the Si 
substrate, thermal annealing treatments at 300, 500, and 700 ˚C were conducted for 30 
minutes in a flow of nitrogen (N2) gas. 
The scanning electron microscope (SEM) images show that, at three different 
temperature settings, the Au catalyst showed such changes as distance between 
neighboring structures and the lateral width of island-like structures. In this experiment, 
gold (3 nm-thick) was coated on Si substrates prior to MgO deposition with the 
annealing temperature at 300, 500, and 700 ˚C. The results showed that, at 700 ˚C, there 
are relatively wide island-like structures while at 300-500 ˚C, substrates had relatively 
narrow particle-like structures. It should be noted that, not only were there changes in the 
structure but also changes in the distance between the neighboring structures at all the 
different temperatures. In the case of the 700 ˚C annealed sample, the distance between 
neighboring particles was larger than it was for the 300-500 ˚C samples. At 300-500 ˚C, 
the neighbouring Au-particle-like structures generated by the pre-deposition annealing 
were not completely separated. They agglomerated and formed the clustering Au 
structures after annealing. Annealing of the Au catalyst is important prior to MgO 
deposition. Kim et al., (2007) also studied the effect of MgO deposition at the three 
16 
 
different annealing temperatures. Distinct MgO-NWs grow when the substrate is 
annealed at 700 ˚C. High temperature annealing is essential for fabricating MgO-NWs. 
This growth temperature has been reported elsewhere for fabricating high-quality MgO-
NWs. 
In conclusion, numerous studies in nanotechnology in general and NWs 
specifically have investigated the promising properties and applications of NWs. 
Because the research is still in its infancy, properties and mechanism of NWs are still 
being determined, leading to a rapid growth in NWs research, including this present 
research on MgO-NWs. We have grown MgO-NWs on MgO substrate through PLD 
techniques. We have optimized its diameter and characterized it using a scanning 
electron microscope, X-ray diffraction, an atomic force microscope, and a profilometer. 
Furthermore, we examined the biological characteristic of MgO-NWs to explore their 













3.1 Pulsed Laser Deposition (PLD) 
Pulsed Laser Deposition (PLD) is a “flash evaporation” technique (Mahan, 2000) 
that was first used as a method for thin film synthesis three decades ago. Numerous 
methods are used for growing nanostructures, including physical vapor deposition (Kong 
et al., 2001), chemical vapor deposition (Vayssieres et al., 2001), and sol gel process 
(Venkatesan & Green, 1996). The PLD technique has been gaining attention for its 
ability to deposit high quality thin film. This same method has been commonly used for 
fabricating nanostructures, such as nanowires. The basic PLD system usually consists of 
a high-power laser source, a vacuum chamber with target and substrate holder, and a set 
of optical elements, such as lenses, to focus the laser, mirrors, and apertures for the beam 
so that the non-uniform edge effects can be minimized. In PLD, a condensable vapor is 
produced when a high-power laser source beam strikes a solid bulk target, is absorbed, 
and vaporizes a thin surface region (Singh & Kumar, 1997). A conical plume of 
evaporant is created, extending along the direction of the target surface. The vaporized 
surface region of the target is typically several hundred to 1000 Angstrom (100 nm) 
thick. The corresponding thickness of material that is removed from the target is 
calculated by (Mahan, 2000): 
   
               ⁄  ⁄
        




Δz = thickness of material which is removed 
ΔN = number of vapor particles created by each laser pulse 
δA = projected area of the laser beam 
      = molar density of the target 
The number of vapor particles ΔN created by each laser pulse can be calculated assuming 
that the fluence, the energy of the laser beam pulse per square centimeter, is above a 
threshold 
      
                             
     ⁄
      
       (3.2) 
where 
 
R = reflectivity of the target 
 
jδt = fluence of pulse 
 
H = enthalpy of evaporation 
 
When the laser pulses strikes the target, each pulse has time duration (δt) of 25 ns, during 
which flakes of the evaporant travel onto the substrate. These flakes or their cluster 
radius can be calculated by the formula given below: 
              
  (                 )
      
        (3.3) 
where 
r* = radius of cluster 
             = geometric constant 
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γfv = interfacial energy between film and vapor 
γfs = interfacial energy between film and substrate 
γsv = interfacial energy between substrate and vapor 
∆Gv = change in Gibbs free energy 
The physics of PLD can be classified into four separate regimes (Singh & 
Kumar, 1997):  In regime I, interaction between the laser beam and the target material 
results in ablation of the surface layers. In regime II,  interaction  of  the  ablated  
material  and  the  incident  laser  beam results in an isothermal plasma formation and 
expansion. In regime III, anisotropic adiabatic expansion of the plasma leads to the 
characteristic nature of the laser deposition process. Finally, in regime IV, the plasma 
interacts with the background gas (Singh & Kumar, 1997). The following schematic is 
used to demonstrate the four separate regimes. In regime I, the interaction between the 
laser beam and the target material converts laser energy (optical energy) into thermal 
energy. The thermal effects of nanosecond-pulsed laser irradiation of material are 
determined by the laser pulse parameters, such as temporal power density I(t), pulse 
duration tp, and wavelength. Optical parameters such as reflectivity R, absorption 
coefficient α, and the thermal properties of the material also contribute to the thermal 
effects (Singh & Kumar, 1997). 
In regime II, thermal energy is converted into chemical energy. In this 
regime, laser surface ablation takes place, causing laser-induced material  removal. 
During ablation of the target, a planar vaporization interface may begin at the surface 
and propagate through the bulk of the target. Several factors, such as incident power 
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density, absorption coefficient, and thermophysical properties of the target, control the 
effect of the transformation during surface to volume ablation regimes. Furthermore, 
thermal conductivity also plays an important role in controlling the laser-target 
interactions, and the ablation depth is determined largely by the optical absorption depth, 
which is given as the inverse of the absorption coefficient (Singh & Kumar, 1997). In 
other words, the plumes can absorb the laser pulse, shadowing the target while 
simultaneously becoming a plasma through photoionization. 
Regime III occurs when the plasma absorbs the incident laser beam. At this point, 
high temperature highly ionized plasma is formed. The fraction of the laser energy 
absorbed by the plasma is a strong function of the number of laser parameters, including 
incident laser wavelength, electron density, plasma dimensions, and plasma temperature. 
Those parameters dictate the percentage of plasma absorption, which varies from 0-
100% of the incident laser energy. This absorption of laser energy by the plasma is 
important during the PLD process because it affects the outcome of a deposition. Finally, 
regime IV is the effect of the background gas. The ambient gases play a critical role in 
the microstructure and quality of the thin films. The gases present in the chamber 
attenuate, scatter, and thermalize the plume, affecting such growth parameters as the 
spatial distribution, deposition rate, and kinetic energy of the depositing species (Singh 
& Kumar, 1997). Background gases promote surface reaction or maintain film 
stoichiometry. It has pointed out that the presence of background gases (i) increase the 
fluorescence of all species due to expansion of the collision front and subsequent 
interplume collisions, (ii) sharpen the plume boundary indicative of a shock front, (iii) 
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slow the plume relative to the propagation in the vacuum, resulting in the spatial 
confinement of the plume, and (iv) split the plume into two components (Singh & 




Figure 3.1. Schematic diagram of different phases during the laser irradiation of a 
target: (A) unaffected target, (B) evaporated target material, (C) dense 
plasma absorbing laser radiation, and (D) expanding plasma outer 




Overall, the mechanism and technicalities of the PLD are complex, but PLD is a 
simple and fast process for fabricating high-quality thin films. In PLD, multiple material 
targets can be mounted, allowing users to deposit multilayer films or alloys without 
breaking the vacuum. A breakthrough came in 1987 with a famous piece of work using 
PLD in fabricating good quality high temperature superconducting YBa2Cu3O7 thin 
films (Dijkkamp & Venkatesan, 1996). The superconductive material was far more 
superior in quality to films deposited with alternative techniques. Since then, PLD has 
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been used for fabricating high-quality crystalline films. PLD brings numerous benefits, 
but the greatest benefit is the ability to replicate the composition of the source in the 
film (Venkatesan & Green, 1996). Other beneficial aspects of PLD include deposition 
with less contamination compared to other techniques. It is incredibly precise and can 
deposit a film of YBCO that is one unit cell (1.2 nm) thick; experiments have shown 
that a single unit cell of YBCO is a superconductor (Venkatesan & Green, 1996). 
Making multilayer materials or alloys can also be done rather easily with PLD because 
different targets can be mounted in the chamber. In a system, six different targets can be 
mounted at one time by using a computer-controlled target holder or carousel. Due to 
these results, PLD is being used for many applications. 
Current applications of PLD range from the construction of superconducting to 
insulating circuit components to enhanced wear resistance and biocompatibility for 
medical purposes. The biggest users of PLD are investigators at the forefront of 
synthesizing novel thin films. Many multicomponent materials produced with PLD 
promise valuable applications. For instead, barium strontium titanium oxide can be used 
in making very large scale integrated circuits, in which the size of capacitors can be 
reduced dramatically. Optoelectronic applications use PLD, for example, to produce thin 
films of lithium niobium oxide. Many other PLD-produced thin films are used in 
devices for a variety of other technologies, including environmental sensors, 
micromechanical devices, light emitters, medical implants, and various coatings. Despite 
the advantages of PLD, limitations remain for certain applications such as 
superconductors (Venkatesan & Green, 1996). In some materials, while producing fine 
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particulate chunks, target materials ranging from micrometer down to submicron sizes 
are also found on the substrates. Fortunately, a number of schemes have been 
investigated to eliminate these particulates. A high-quality target minimizes the 
problems, and active and passive techniques have been developed to filter out the heavy 








3.2 Atomic Force Microscopy (AFM) 
 
Atomic Force Microscope (AFM) is one of the foremost tools for imaging/3D  
imaging, measuring, manipulating, or sensing. AFM can be used to analyze both 
conductive and non-conductive materials and sort samples of polymers, ceramics, glass, 
biological materials, composites, and so forth. The principle part of an AFM is a 
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cantilever with a sharp tip (probe) at its end used to scan the specimen surface. The 
characterized specimen at the microscopic level is rendered in three-dimensional (3D) 
images. The AFM cantilever is typically made of silicon or silicon nitride with a tip 
radius with a curvature on the order of nanometers. When a cantilever is brought into 
close contact with the sample surface, a force between the tip and the sample lead to a 
deflection of the cantilever as shown by the schematic of AFM in Figure 3.3, which is 
governed by Hooke’s law, and the deflection is monitored by a photodiode detector: 
                                                       F=-kx                                                               (3.4)  
where 
F = the restoring force exerted by the spring 
 
x = the displacement of the spring 
 





Figure 3.3. Schematic of Atomic Force Microscope (AFM) (Anonymous, 2012) 
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 Forces that are measured in the AFM include mechanical contact force, van der 
Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, 
Casimir forces, and solvation forces (Wilson & Bullen, 2006). The most dominant 
interaction force at a short probe-sample distance in the AFM is the van der Waals force. 
The probe experiences small repulsive van der Waals force as the probe comes in contact 
with the sample, in what is known as contact mode. This force causes tip deflection, and 
as the probe moves farther away from the surface, attractive van der Waals forces are 
dominant. This is known as non-contact mode. When the probe operates at long-range 
interaction, other forces such as capillary, electrostatic, and magnetic forces occur. These 
forces are important in other AFM methods of analysis. 
 AFM can operate in three different modes for imaging:  contact, non-contact, and 
semi-contact (tapping) mode. In contact mode, a constant force is used between the AFM 
probe and the sample surface to obtain a 3D topographical map. The distance of the 
probe-surface separation is < 0.5 nm. In this mode, repulsive van der Waals force is 
applied because the spring constant is less than that of the surface, causing the cantilever 
to bend. Advantages of this mode are fast scanning and the ability to analyze rough 
samples used in friction analysis. However, the forces can sometimes damage or deform 
soft samples. In non-contact mode, the probe does not contact the sample surface but 
oscillates above the surface. The distance between probe and the surface ranges from 0.1-
10 nm. As the probe hover above sample surfaces attractive van der Waals forces are 
encountered. Advantages of the non-contact mode are that it exerts very low force on the 
sample (10
-12 
N), and thus can extend the probe life. However, usually in this mode, low-
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resolution images result, and a contaminant layer on the surface can interfere with 
oscillation. Finally, the semi-contact mode is also known as the tapping mode. The 
distance of separation between the probe and the surface ranges from 0.5-2 nm. The 
imaging procedures are similar to those of the contact mode. However, in this mode, the 
cantilever oscillates at its resonant frequency, and the tip lightly “taps” on the sample 
during scanning. By maintaining a constant oscillation amplitude, a constant interaction 
between the tip and the sample is maintained, and the image of the surface is rendered. 
Advantages of using this mode are that it allows high resolution images of samples that 
are easily damaged, and it is also good for biological samples. However, in liquid, the 
scan is difficult and causes a slower scan speed. 
AFM is used to study a wide variety of samples from plastic to metal to 
biological. However, there are limitations in achieving atomic resolution. The physical 
probe used in AFM imaging is not ideally sharp. As result, an image produced by AFM 
is the result of an interaction between the probe and the sample surface, called tip 
convolution. Commercially made probes are becoming more widely available with high 
aspect ratios. Others probes made with materials such as carbon nanotubes or tungsten 
spikes are available but are still very expensive to use for everyday image analysis. 
Figure 3.4 shows the schematic of van der Waals force curve on the AFM. X-axis 




Figure 3.4. Schematic of van der Waals force on AFM (Wilson & Bullen, 2006) 
 
3.3 Scanning Electron Microscopy (SEM) 
The apparent limitations of the AFM can be eliminated by using the scanning 
electron microscope (SEM). Without a probe like the AFM, the SEM uses a high-energy 
beam of electrons in a raster scan pattern. The raster scan pattern can yield such 
information as sample topography; surface features of an object or “how it looks” its 
texture; detectable features limited to a few nanometers such as morphology, shape, size, 
and arrangement of the particles making up the object lying on the surface of the sample 
or exposed by grinding or chemical etching; composition, the elements and compounds 
the sample is composed of and their ratios; and crystallographic information, the 
arrangement of atoms in the specimen and their order (Wikipedia, 2012). In most 
applications, data are collected over a selected area of the surface to generate a high-
resolution 2D image through a series of components in the SEM. 
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Essential components of all SEMs include an electron source (gun), an electron 
beam, a condenser lens, a sample stage, detectors for all signals of interest, and display 
or data output devices as shown in the schematic of SEM in Figure 3.5. Infrastructure 
requirements include a power supply, a vacuum system, a cooling system, a vibration-
free floor, and a room free of ambient magnetic and electrical fields. The fundamental 
principles behind SEM are that accelerated electrons carry significant amounts of kinetic 
energy, which is dissipated as a variety of signals produced by electron-sample 
interaction. These signals include secondary electrons that produce SEM images. 
Secondary electrons and back-scattered electrons are most valuable for illustrating 
contrasts in compositions of multiple-phase samples. 
 
 




The amount of energy able to penetrate the sample, as shown in Figure 3.6, is governed 
by the Kanaya-Okayama penetration formula (Muller, 2008): 
 
         
              
        
                                   (3.5) 
where 
R = penetration depth   
 
A = atomic weight (g/mole) 
 
E = beam energy (kV) 
Z=atomic number  
ρ = density (g/cm2) 
 
SEMs are routinely used to generate high-resolution images of objects  
 
and show spatial variations in chemical compositions by acquiring elemental maps or 
spot chemical analysis using Energy Dispersive Analysis (EDX) (Wikipedia, 2012). The 
SEM is also widely used to identify phases in qualitative chemical analysis and/or 
crystalline structure. A SEM can precisely measure very small features and objects down 
to a few nanometers in size. However, there are limitations; samples must be solid and 
small enough to fit into the microscope chamber. Specimens must be electrically 
conductive on the surface and electrically grounded to prevent the accumulation of 
electrostatic charge at the surface. Nonconductive specimens tend to charge when 
scanned by the electron beam, and especially in the secondary electron imaging mode, 
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this state causes scanning faults and other image artifacts. 
 
 





3.4 Energy Dispersive Analysis (EDX) 
 
In addition to the SEM system is energy dispersive analysis (EDX). This type of 
X-ray is aimed to efficiently intercept emitted X-rays when the electron beam excites 
characteristic X-rays from the probed area of the specimen (Wikipedia, 2012). When the 
atoms are unexcited, they remain in the ground state of electrons with discrete energy 
levels or electron shells bound to the nucleus. When an incoming beam excites the 
electron in an inner shell, it is ejected from the shell while creating an electron hole where 
it was. The electron from an outer, higher-energy shell then fills the hole, and the 
difference in energy between the higher-energy shell and the lower energy shell is 
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released in the form of an X-ray. This energy emitted from the specimen is then measured 
by the energy dispersive spectrometer (Wikipedia, 2012). Because each element has a 
unique atomic structure, X-rays can differentiate them uniquely from one another. This 
analytic technique is used for elemental or sample composition analysis. Furthermore, 
EDX feature analysis allows the user to “map” the composition of the elements on the 
surface of the specimen. The principle of EDX is demonstrated in Figure 3.7. 
 
 





Mapping or sample composition analysis has its limitation. EDX accuracy can be 
affected by many factors. The first three elements of the periodic table—hydrogen (H), 
helium (He), and lithium (Li) do not have enough electrons to produce distinguishing X-
rays; therefore, they cannot be detected in the X-ray spectroscopy . In addition, many 
elements have overlapping peaks (e.g., Ti, Mn, and Fe) because the detectors typically 
have a resolution of about 150 eV so that overlap peaks occur when they are not 
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separated in energy by more than that amount (Wikipedia, 2012). Thus, overlap 
sometimes occurs in multicomponent samples or when neighboring elements in the 
periodic table are present. Figure 3.8 demonstrated KeV peaks of elements. 
 
 




3.5 X-Ray Diffraction (XRD) 
 
A solid is a type of matter, and it can be crystalline or amorphous. In an 
amorphous solid, atoms are arranged randomly, as in glass. On the other hand, a 
crystalline solid has an ordered internal crystal structure. Most of the solid materials 
today are classified as crystalline. One way to check the fingerprint of the solid material 
is by using X-ray diffraction (XRD). XRD is used to measure the average spacing 
between layers or rows of atoms. It is also used to determine the orientation of a single 
crystal or grain; to find the crystal structure of an unknown material; and to measure the 
size, shape, and internal stress of small crystalline regions. XRD principles depend on the 
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fact that the spacing between atoms is comparable to the wavelength (λ) of X-rays that 
range from 0.01 to 10 nanometers (Wikipedia, 2012). The wavelength is easily detected 
through high-intensity beams emitted in certain directions when incident X-rays impinge 
at critical diffraction angles (θ). It is demonstrated by the schematic of XRD in Figure 
3.9. In other words, any waves impinging on a regular array of scatters will produce 
diffractions. This is the well-known Bragg relation: 
                                  (3.6) 
where 
n = order of reflection 
λ = wavelength of the beam 
     = distance between atomic layers of crystal 
Θ = incident angle 
     is a function of Miller indices (h, k, and l) and is calculated by: 
     
 
√        
                 (3.7) 
where  
  = lattice parameter 
The thickness of a thin film can be calculated by using Scherer’s formula given below: 
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                   (3.8) 
where  
t = thickness of the film 
K = Scherer’s constant 
B = full width at half maximum of XRD peak 
Θ = Bragg’s angle  
 
 
Figure 3.9. Schematic of Bragg’s Law (Anonymous, 2012) 
 
 
AB + BC = multiples of nλ 
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In bulk solids, large diffraction effects occur at many values of θ. In thin films, 
however, very few atoms are present to scatter X-rays into a diffracted beam when θ is 
large. For this reason, the intensities of the diffraction lines or spots will be very small 
unless the incident beam strikes the film surface at a near-glancing angle, which will 
cause the thin films to appear thicker. This thickness limitation in thin films is used to 
great advantage. However, the extension of X-ray diffraction methods to thin films has 
not been pursued intensely for two main reasons: First, the great penetrating power of X-
rays means that, with typical incident angles, their path length through films is too short 
to produce diffracted beams of sufficient intensity. When this occurs, the substrate rather 
than the thin film dominates the scattered X-ray signals; thus, diffraction peaks from 
films require long counting times. Second, other methods, such as the transmitting 
electron microscope, can provide similar information with additional capacities of 
performing analysis over very small selected areas. Nevertheless, X-ray methods have 
advantages because they are nondestructive and do not require extensive sample 











RESULTS AND DISCUSSION 
 
4.1 Thin Film Deposition and Nanowire Fabrication 
 
4.1.1 Substrate selection and cleaning 
 
  Nanowires cannot grow on just any substrate. The choice for the selection of a 
substrate heavily depends on the lattice parameters of the substrate and deposition 
materials. To ensure defect-free interfaces between the substrate and film, it is essential 
that the lattice parameter of both be closely matched. The fraction f of mismatch between 
the substrate and film is given by the following expression 
  
       
  
         (4.1) 
where 
 
f = fraction of lattice mismatch 
 
   = lattice constant of film 
 
  = lattice constant of substrate 
 
A large fraction of lattice mismatch will result in structural defects and strain 
energy accumulating in the growing film. In this thesis, magnesium oxide (MgO) was 
used as a substrate. Important parameters of MgO include its color, white; melting point, 
2780 ˚C, lattice constant (  ): 4.20 Å, with a vapor pressure of 40 Pa; and lattice 
structure: face-centered cubic (FCC). Properties of MgO are good refractoriness, 
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corrosion resistance, high thermal conductivity, and low electrical conductivity. Figure 
4.1 shows the FCC structure of MgO. In this work, MgO substrate is used to grow MgO 
nanowires (NWs) using gold as a catalyst. The fraction of the lattice mismatch is zero 
because the NWs and the substrate are the same material. Another important parameter in 
choosing the substrate includes its stability over time for the deposited material to grow 
epitaxially on the substrate. Epitaxial growth requires controlled crystallographic 
orientation of the film with respect to the substrate, accomplished by matching the film 
and substrate lattice parameters, atomic positions, crystallographic orientations, and so 
on. The more closely these parameters match, the better the epitaxial growth. 
 
 




Substrate cleaning is essential in every thin film deposition experiment. Unclean 
substrate will lead to contamination and impurities in the substrate and affect the growth 
of the MgO-NWs. There are numerous ways to clean the MgO substrate, including 
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piranha cleaning, basic cleaning in trichloroethylene and acetone solution, plasma 
cleaning, and in situ laser annealing. In piranha cleaning, sulfuric acid is mixed with 
hydrogen peroxide. Piranha is used to attack organic material on the substrate. In plasma 
cleaning, substrates are loaded into plasma cleaner under a base pressure of 0.01 Torr and 
then back-filled with about 0.30 Torr of argon (Ar) or oxygen (O2) to perform a RF 
plasma bombardment at an ambient temperature. In in situ laser-annealing, a laser is used 
to anneal the substrate in the cleaning process (Wu et al., 1993). In this study, substrates 
were cleaned through basic cleaning. Pre-cut 5x5 mm MgO (100) substrates were 
ultrasonically cleaned in ethanol for 5 minutes, rinsed with deionized water, and then 
ultrasonically cleaned in acetone for another 5 minutes and again rinsed with deionized 
water. Substrates were blown dry with pure nitrogen gas and placed on the heater at 200 
˚C for vapor cleaning. After cleaning, a light optical microscope was used to check the 
substrate surface condition. Then, the substrate was loaded into the PLD chamber for 
thermal annealing at 800 ˚C for 10 minutes at 1.0 x 10
-4 
Torr to clean all residues before 
any film deposition. 
4.1.2 Substrate surface modification by catalysts 
 
Many type of metals have been used as catalysts. A catalyst is a substance that 
expedites a chemical reaction without being consumed by the reaction. Thus, at the end of 
the reaction, the catalyst can be recovered. Such metals as gold (Au), nickel (Ni), silver 
(Ag), and iron (Fe) are used as catalysts for growing nanowires. To grow nanowires, a 
catalyst is very important. Without one, NWs cannot be formed, and the deposition would 
result in a thin film. 
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The fabrication of MgO-NWs in this work was achieved by using a gold (Au) 
catalyst. Gold was chosen because of its minimal mismatch with the MgO substrate and 
nanowires. The lattice constant of gold is 4.080 Å while the MgO substrate has a lattice 
constant of 4.20 Å. By formula (11), the lattice mismatch is a fraction of 2.86%. Other 
properties of gold include excellent electrical and thermal conductivity and a high 
melting point of 1337.58 ˚C. In addition, it has a face-centered cubic (FCC). Figure 4.2 
shows the FCC crystal structure of gold. 
 
 




4.1.3 Growth rate measurement of gold and MgO films 
 
To measure the growth rate of gold and magnesium oxide, a portion of the 
substrate was masked to set a reference point, and the uncovered part of the substrate was 
used for film deposition. After the deposition was completed, the difference in thickness 
between the substrate and the film was measured using a mechanical profilometer. 
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Multiple measurements were made from one sample and the average thickness is 
calculated. The following results shown in Table 4.1 were found and used in the research.  
 
Table 4.1. Growth rate of Au and MgO 
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4.1.4. MgO-NWs growth procedures 
 
Fabrication of MgO-NWs in this study was accomplished through a PLD 
technique because PLD offers better stoichiometry between the film and the target, low 
contamination, a high deposition rate, and non-equilibrium processing. MgO-NWs were 
grown on a MgO single-crystal substrate using a gold catalyst. Gold catalyst clusters were 
deposited on the substrate prior to the deposition of MgO. The thickness of the gold 
clusters was controlled by the number of laser pulses to maintain a thickness between 1 
and 5 nm. All depositions of gold clusters were done in a vacuum. A vacuum chamber is 
needed for which the vacuum pump removes air and other gases from inside the chamber. 
Doing so avoids any reaction of the deposited material with any gases present in the air. 
It also protected the sample from any sort of chemical degradation. Prior to deposition of 
any targets, a pre-ablation took place for 2-3 minutes to clean their surfaces. Pre-ablation 
of targets was also done in a vacuum. 
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Pre-ablation was accomplished with a krypton fluoride (KrF) laser: wavelength  
(λ) = 248 nm and time duration (τ) = 30 ns, operating at a pulse rate of 10 Hz. A 60 mm2 
aperture was needed for the beam so that the non-uniform edge effects were minimized. 
Laser energy through the aperture was set to 100 mJ. Laser energy inside the chamber 





the laser fluence was 2.78 Jcm
-2
. These parameters were kept constant throughout the 
experiments while other NWs growth parameters had to be adjusted. 
Before the laser pre-ablation of the MgO target, the gold-coated MgO substrate 
was preheated at the desired growth temperature for 15 minutes in a mixture of oxygen 
and argon gases. Gases were added to balance stoichiometry and reduce tapering. The 
oxygen-to-argon ratio was controlled. The growth temperature was set at 800 ˚C. Then 
MgO was deposited on the substrate at a background pressure of 7.5 x 10
-2 
Torr of argon 
and oxygen. The deposition of MgO was set at 40,000 pulses, equivalent to 1.11 hr. 
Throughout the deposition for both gold and MgO, the distance between the targets and 
the substrate was kept at 30 mm. During the growth of MgO-NWs, the gold seed 
remained on top of the nanowires. Figure 4.3 shows the step-by-step procedure for 
growing the MgO nanowires. After the deposition, the samples were cooled to room 
temperature and removed from the PLD chamber for further characterization by a field 
emission scanning electron microscope (FE-SEM), energy dispersive analysis (EDX), an 









4.2 Structural Properties  
4.2.1 Effect number of laser pulses on the gold target in Au catalyst cluster formation 
The presence of gold has a significant effect on nanowire growth. The 
mechanism of growth of NWs depends on the gold clusters; nanowires can grow only at 
a site that has gold clusters. In growing MgO-NWs, the diameter of the NWs depends on 
the thickness of the gold clusters. Determining the number of pulses required to form 
gold clusters of an optimum size is very important. For nanowire growth, the gold size 
should be limited to 1-8 nm. To see the effect of the gold size on MgO NWs diameter, 
gold films were deposited on MgO substrates using below 90, 90, 130, 190, and 250 
pulses. After the deposition at room temperature, all the coated substrates were removed 
for examination by the SEM, AFM, and XRD. 
The simplest method of detecting gold particles on an MgO substrate is by using 
a high resolution SEM. Figure 4.4. shows the SEM image of the gold structure on an 
MgO substrate prepared using different numbers of laser pulses. In Figure 4.4 (a), gold 
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particles cannot be seen by the Fe-SEM below the lower threshold of 90 pulses. The 
absence of gold particles may be attributed to the formation of unstable nuclei or clusters 
due to so few laser pulses. In Figure 4.4. (b), which corresponds to 90 pulses, well-
organized gold particles are observed throughout the substrate; in (c), at 130 pulses, 
increased density of gold particles on the substrate is observed; in (d), at 190 pulses, 
these gold particles became bigger and almost became a continuous film. Finally, Figure 
4.4 (e) shows that, at 250 pulses, multiple layers of gold were deposited on the MgO 
substrate, creating a continuous film. This is the upper threshold for depositing a gold 
catalyst to grow MgO-NWs. It has been shown that depositing 90-250 pulses of gold is 
the best parameter for NWs diameter control and growth of nanowire 
 
 
Figure 4.4. FESEM images of gold on MgO substrate with varying number of pulses (a) 






Figure 4.4 (continued). (c) 130 laser pulses, (d) 190 laser pulses, (e) 250 laser pulses 
 
Spherical gold particle size is measured with the AFM is shown in Figure 4.5. 
Such small features require a high-resolution AFM probe. Figure 4.6 Shows the AFM 3-
D image of gold particles, and Figure 4.7 shows a histogram of gold particle size 
















Figure 4.7. Histogram of gold particle size distribution obtained from a 300 x 300 




4.2.2 Effect of thermal annealing of gold grains 
 
The diameter of NWs was systematically increased by increasing catalyst 
thickness, which in turn, affects the  catalyst grain size. The increase in the catalyst grain 
size upon increasing the thickness can be interpreted in terms of the agglomeration of the 
Au catalyst. This phenomenon can be explained by cluster migration. This coalescence 
occurs as a result of collision between separate gold droplets as they execute random 
motion. Electron microscopy has shown that crystallites with diameters of 5-10 nm can 
migrate as distinct entities, provided the substrate temperature is high enough. The 
mobility of these droplets can be altered in different gas environments, and the density of 
particles decrease while increasing the mean volume of particles. Gold-coated substrates 
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800 ˚C for 15 minutes in oxygen and argon gases at the background pressure of 7.5x10
-2 
Torr for 15 minutes to see its morphology prior to growing nanowires. Figure 4.8 shows 
SEM images (a) before and (b) after thermal annealing at 90 pulses; (c) before and (d) 
after 190 pulses. The surface morphologies of these three samples were studied using 
AFM to study the grain sizes of gold prior to depositing MgO. Figure 4.9 shows AFM 
images of gold clusters after thermal annealing. Figure 4.10 shows AFM 3-D 
representations of gold clusters, and Figure 4.11 shows a histogram of gold particle size 
distribution at 150 laser pulses. 
 
Figure 4.8. FESEM images of (a) Au nanoclusters as deposited using 90 pulses, (b)   
after heating the same at 800 ˚C, (c) Au nanoclusters as deposited using 
190 pulses, (d) after heating 190 laser pulses nanoclusters sample at  
800 ˚C 










Figure 4.10. AFM 3-D representation of thermal annealing gold clusters  











As observed, the gold catalyst is essential in growing MgO-NWs. An experiment 
was conducted to demonstrate that nanowires cannot grow without a gold catalyst. In this 
experiment, part of the MgO substrate was masked with a silicon wafer in the PLD 
chamber so that only part of the substrate was exposed. Thus, part of the substrate had 
gold particles on it while the masked area has no gold particles. After creating the 
vacuum in the PLD chamber, 120 pulses of gold were deposited on this masked substrate. 
Following the deposition, the mask was removed from the substrate to show part of the 
substrate had no gold particles on it. The substrate was mounted back in the chamber. 
Substrate was then raised to 800 ˚C with 7.5x10
-2 
Torr in oxygen and argon gases. MgO 
was deposited using 40,000 laser pulses on both parts of the substrate. The corresponding 
FE-SEM images show the differences between the two regions: with Au and without Au 
during nanowire growth. Figure 4.12 (a) shows the catalyst region and the catalyst-free 





















Figure 4.12. Effect of gold catalyst droplets. (a) Catalyst region and catalyst-
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4.2.3 Tapering effect and the effect of background gas on MgO-NWs growth 
 
It has been observed that nanowires sometimes are non-uniform in diameters 
throughout their length. Such non-uniformity along their length leads to a tapering effect. 
Thus, it is important to grow the nanowires uniformly throughout their length. In a 
tapered nanowire, there is a likelihood of developing stress at the top of the nanowire, 
which might result in failure of the nanowire. Several scenarios have been proposed to 
explain the occurrence of the tapering phenomenon. First, the tapering phenomenon is 
based on the catalyst diffusion from the tip during NWs growth. Because the diameter 
size of the nanowire is determined by the catalyst droplet size, change in the droplet size 
during MgO-NWs growth results in the tapering, as reported elsewhere (Nagashima et 
al., 2008). Another scenario is based on sidewall growth due to crystallization at the 
sidewall. Thus, the sidewall growth can be suppressed by reducing the oxidation at the 
sidewall through increasing the growth temperature beyond current growth temperature 
of 800 ˚C and by reducing the oxygen pressure. However, increasing the growth 
temperature might cause the evaporation of Au catalyst droplets, and it is not feasible to 
grow nanowire above 800 ˚C due to limitations of the PLD chamber. On the other hand, 
reducing ambient oxygen pressure in the PLD chamber is feasible and controllable, but 
reducing oxygen will enhance the catalyst diffusion from the tip, resulting in the tapering 
as reported by others. Figure 4.13 shows tapering MgO-NWs in oxygen pressure. 





Figure 4.13. FESEM image of tapering MgO-NWs. The nanowires were grown 
under 7.5x10
-2 




One solution to overcome both the catalyst diffusion during NWs growth and 
sidewall growth is to use a mixture of ambient gas of oxygen and argon while varying 
the oxygen partial pressure. Controlling the total ambient pressure enables suppression 
of the catalyst diffusion from the tip, and reducing the oxygen partial pressure under 
constant total ambient pressures suppresses the oxidation at the sidewall without catalyst 
diffusion from the tip. In this experiment, MgO was deposited in oxygen (O2) and a 
combination of oxygen (O2) and argon (Ar) gases. Throughout the experiment, the 
number of MgO laser pulses, 40,000; growth temperature, 800 ˚C; and background 
pressure, 7.5x10
-2 
Torr, were kept constant. Figure 4.14 shows the results with a 









4.2.4 Catalyst droplet size and the effect of NWs diameter 
 
As previously reported, the effect of gold catalyst after thermal annealing was 
cluster migration from the surrounding gold particles moving randomly to create a bigger 
catalyst size. However, two thresholds exist when varying the number of pulses of the 
catalyst. First, the lower threshold occurs when insufficient amounts of Au clusters will 
limit the growth of MgO nanowires to a certain height during nanowires growth at 
800˚C. Second, the higher threshold level indicated that, above 12 nm thicknesses, NWs 
are no longer able to grow and only Au agglomerates exist. These thresholds are 
extremely important in terms of the growth mechanism of oxide nanowires in catalyst-
assisted PLD. Figure 4.15 shows the different NWs diameters corresponded with 
different sizes of Au clusters. The nanowires were grown at 800˚C under 10Pa 
oxygen and argon pressure. Diameters were determined by FE-SEM 8800. Figure 4.15 
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shows (a) the effect of insufficient amounts of Au clusters, (b) MgO-NWs diameter of 12 
nm, (c) MgO-NWs diameter of 15 nm, (d) MgO-NWs diameter of 22 nm, (e) MgO-NWs 
diameter of 26 nm (f) MgO- NWs diameter of 30 nm (g) MgO-NWs diameter of 46 nm, 
and (h) Au agglomeration at the upper threshold. AFM was used to determine the 
catalyst droplet sizes prior to MgO- NWs growth. Figure 4.16 shows the variation of 
nanowire diameters when changing the catalyst thickness. 
 
    
     
Figure 4.15. FESEM images of (a) effect of insufficient gold clusters, (b) MgO- 





     
       
Figure 4.15 (continued). FESEM images of (e) 26 nm, (f) 30 nm (g) 46 nm, (h) Au 
island formations due to excessive amounts of gold. Scale 







Figure 4.16. Variation of nanowire diameters when changing the catalyst thickness 
 
Energy dispersive X-ray spectroscopy (EDX) was used to confirm the 
composition of MgO nanowires. EDX is a chemical micro-analysis technique that is 
integrated with SEM. The EDX system consists of an X-ray detector, a liquid nitrogen 
Dewar to cool the system, and software to analyze data. The composition characteristics 
of the material is described by EDX. (EDX is explained in Chapter 3, Section 4.)  Figure 
4.17 shows the EDX data for MgO-NWs, which confirm the presence of MgO, gold 
(Au), argon (Ar), and oxygen on the substrate. FE-SEM images also show contrast 
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Figure 4.18. Contrast differences between MgO-NWs and catalyst nanodots     




X-ray diffraction was also used to characterize the crystal structure of MgO-
NWs. In this experiment, three substrates were used: uncoated MgO substrate, gold-
58 
 
coated MgO substrate, and MgO-NWs on MgO substrate. Figure 4.19 (a) shows the 2θ-θ 
scan data of XRD for MgO (100) single-crystal substrate. Only one diffraction peak 
corresponding to the MgO (200) plane was detected. Figure 4.19 (b) shows thermal 
annealing of the gold-coated MgO (100) single-crystal substrate; a similar diffraction 
peak was detected on the MgO (200) plane. Figure 4.19 (c) shows MgO nanowires 
grown on MgO (100) single-crystal substrate at 800 ˚C temperature, with again one 
diffraction peak corresponding to the MgO (200) plane detected, indicating the epitaxy 
of MgO nanowire growth on the MgO (100) single-crystal substrate. No other diffraction 
was detected on the gold-coated MgO substrate, indicating that the gold film had become 
an amorphous structure on top of the MgO (100) single-crystal substrate. 
 
 



































Figure 4.19 (continued). (b) gold coated MgO (100) single-crystal substrate, and (c) 








The human body has certain levels of naturally occurring metals. Elements such 
as oxygen, carbon, hydrogen, nitrogen, calcium, phosphorous, potassium, sodium, 
chlorine magnesium, and sulfur are found in the human body. However, only six of these 







a certain metallic level, it still has a tendency to resist foreign materials; therefore, it is 
difficult for implanted materials to be adapted into the body. The discovery of titanium-
based alloys or alloys made from a mixture of cobalt and chromium has opened a new 
perspective on implants. Both metals exhibit superior mechanical properties, but neither 
is able to bond with bone tissues. As result, these metals rub against bones into which 
they have been implanted, creating wear and tear that results in shortened implant life. 
Other problems include the need for a second surgery to remove the metal once the 
wound has healed. Thus, there is a huge demand for biodegradable metal and coating 
materials like MgO-NWs, which adhere well to the metal surface of implants and should 
also encourage bone formation. Prior to using these nanowires as a coating material, it is 
essential to check their biocompatibility to ensure that cells can survive and grow around 
these nanowires. One way to check for biocompatibility is through tissue culture, which 
could result in research in many areas, including cell vitality, cell observation, study of 
pathogenesis, cell damage, repair and apoptosis (cell death), and analysis of drug-
delivery mechanisms. 
4.3.2 Aseptic technique 
In cell culturing, there is a very high probability of contamination associated with 
a lack of a good sterile technique. Contaminations arise both from the environment and 
the procedures. A good sterile technique is a comprehensive effort to maintain a sterile 
environment. All the pipettes, glassware, and solutions must be sterilized by autoclaving. 
In addition, a clean room wardrobe must be maintained. The solution medium should be 
passed through a filter that must be small enough to block bacteria and mycoplasma. 
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During cell culture experiments, one must be very careful of various types of 
contamination, which can come from numerous sources like bacteria, fungi, and viruses. 
Before proceeding to conduct any work, all the cabinets, supplies, flasks, tubes, and 
equipment must be sanitized with 70% ethanol. Sterile flasks, bottles, and Petri dishes 
should be kept sealed until ready to use. All the flasks, bottles, or wells that are unused 
must be covered immediately after the experiment. No accessories can be left open to the 
environment; doing so may result in contamination from the air. The same pipette should 
not be used in different bottles because there is a high risk of cross contamination. One 
should follow the one-pipette-per-bottle rule, and pipettes should be disposed of after 
each usage. All the liquid waste and pipettes should be disposed of safely according to 
regulations. All experiments should be done inside a highly sterile laminar flow hood. 
4.3.3 Cell growth 
Living cells of humans or animals can be grown in vitro in plastic flasks, glass 
slides, or wells. Cells of interest are then extracted according to the application. In this 
work, we used osteoblast cells to perform tissue culture tests because our research is 
related to bone implantation. Osteoblast cells are cells that are responsible for bone 
formation. After selecting the cell line, our next step was to select an appropriate 
medium that could enhance cell growth by providing the proper environment and 
nutrients and maintain the proper pH. The medium used in this work was Dulbecco’s 
Modified Eagle Medium (DMEM). To enhance the performance of the medium, 50 ml 
of fetal bovine serum (FBS), 500 μl of Genetycin (antibacterial), and 500 μl of nystatin 
(antifungal) were added to the 500 ml of DMEM. For the cell suspension, 9 ml of the 
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DMEM medium was added to 1 ml of cells. After preparing the cell suspension, 9 ml of 
the medium was added to 1 ml of the cell suspension in a T-75 flask. For cell 
proliferation, this flask was kept in a 5% CO2 incubator at 37 ˚C. The medium had to be 
constantly monitored, and nutrients replaced daily. After two days, the flask was 
observed under an inverted microscope to see the growth rate. It was found that 50% of 
the bottom surface of the flask was covered by the cells. For more cell proliferation, 50 
ml of new medium was added to the flask. When the flask surface reached 80% of its 
confluence, the cells were divided into two new flasks for more proliferation. Before 
splitting it into the new flasks, the old medium from the flask was aspirated. Then 4 ml 
of trypsin were added to the flask to detach the cells from the bottom of the flask. After 
the cells detached from the surface, 20 ml of medium were added to the flask. This 24 ml 
of solution was divided into two new flasks for further proliferation of cells. These two 
flasks were kept in the CO2 incubator, and after 96 hours, the samples were ready to use. 
4.3.4 Lactate dehydrogenase (LDH) release assay 
The lactate dehydrogenase (LDH) assay is a means of measuring either the 
number of cells via the total cytoplasmic lactate dehydrogenase or membrane integrity as 
a function of the amount of cytoplasmic LDH released into the medium. In other words, 
it measures the cytotoxicity by measuring the amount of LDH activity released by 
damaged cells. The higher the LDH release, the higher the toxicity. The LDH method is 
simple and accurate and yields reproducible results. LDH can be used to observe a 
variety of in vitro cells, where damage to the plasma membrane occurs. Other 
applications of LDH are determining cell death in bioreactors and determining the 
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cytotoxicity of compounds in the food and cosmetics industries and medical research. In 
this work, the LDH assay was done in a 96-well microplate. Figure 4.20 (a) shows 




Figure 4.20. In vitro study: (a) Osteoblast cells and (b) schematic of osteoblast cells 




Three different controls are used in the LDH assay: background control, low 
control, and high control. Background control is used to calculate the LDH activity 
contained in the assay medium. Low control is used to determine the LDH activity 
discharge from the untreated cells, and high control is used to determine the highest 
release of LDH activity in the cells. LDH is a cytoplasmic enzyme that presents in all 
mammalian cells. When cells come in contact with toxic substances or substrates, their 
plasma membrane is damaged. As a result, LDH leaks into surrounding media, and it is 
detected by a colorimetric assay. Colorimetric assay detects LDH activity released from 
the cytosol of the cells that have incurred plasma membrane damage and, hence, 
determines the LDH level. 
(   ) (   ) 
64 
 




cells per well. 500 μl of medium were added to the well regularly over 5 days to 
evaluate the concentration of LDH release, using a LDH cytotoxicity detection kit. 
Substrates were put in a 96-well microplate for performing the LDH test. In the LDH 
test, the experimental medium, in triplicate, along with the high and low controls, was 
analyzed on micro devices spectrophotometer plate reader at a wavelength of 488 nm. A 
histogram of the LDH release assay after 5 days on different controls and the MgO-NWs 
sample are shown in Figure 4.21. The higher value of LDH release indicates higher 
toxicity. Figure 4.21 shows the LDH releases from all the nanowire samples were closer 
to the high control and higher than the lower control on the first day indicating high level 
of toxic is being released. After day one the nanowires are close to the low control 

























































CONCLUSIONS AND FUTURE WORK  
 
5.1 Conclusions 
The objective of this work was to develop robust PLD processing parameters for 
the fabrication of magnesium oxide (MgO) nanowires with precise control of nanowire 
diameter. These nanowires have been found to possess superior physical, structural, and 
biological properties. The size  of gold catalyst  prior to MgO deposition has been 
observed to have a direct effect on nanowires’ diameter. The main findings of the thesis 
work are threefold. The first finding is related to  establishing the role of  gold as 
catalyst. Our study has established that formation of MgO nanowires does not take place 
without the presence of small nanodimensional Au dots. Our second finding is related to 
the influence of Au nanodots size on the diameter of MgO nanowires. By varying the size 
of Au nanodots, we have fabricated MgO nanowires with different diameters. For 
example, the catalyst grain sizes ranged from 3-12 nm deposited at room temperature to 
produce MgO-NWs with diameters ranging from 12-46 nm. 90 to 190 laser pulsed 
deposition of gold were found to control MgO nanowires diameter of 12-46 nm. It was 
also found that less than 90 laser pulses of gold deposition created a lower limit threshold 
and resulted in insufficient gold clusters to grow MgO-NWs and over 200 laser pulses of 
gold deposition caused gold agglomeration at 800 ˚C, resulting in no MgO-NWs growth. 
The third finding is related to significant reduction in the tapering effect. Due to the 
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tapering effect, the diameter of MgO nanowires changes continuously along its height. In 
this thesis, a process has been developed to overcome the tapering effect prevalent in 
most of the nanowire materials. The process involves preventing the surface diffusion 
and thermal evaporation of Au atoms from catalytic Au nanodots by maintaining  a 
background pressure of 7.5x10
-2 
Torr (10 Pa) containing oxygen and argon. The presence 
of oxygen and argon suppress the catalyst diffusion and sidewall growth to prevent 
tapering of the nanowires. The untapered MgO nanowires were subjected to 
biocompatibility and cell adhesion tests to find out if these  nanowires could be candidate 
coating materials for implant applications. The cytotoxicity of MgO-NWs was evaluated 
by LDH release assays. Osteoblast cells were used as the cell line for this test. The LDH 
release assay confirmed high toxicity from these nanowires on the first day. After the first 
day LDH release from all MgO nanowire samples are close to the LDH release from the 
low control and much lower than the high control. The low LDH release from the 
samples indicates the low cytotoxicity of MgO nanowires. 
 
5.2 Future Work 
Robust processing parameters have been identified to precisely control the 
diameter of the MgO-NWs with no tapering. But during deposition of MgO, fine 
particulate-chunks of target materials ranging from micrometer to submicron in size were 
also found on substrates. This could be attributed to the low quality such high impurity of 
the MgO target. A higher quality of MgO must be used to eliminate this problem. During 
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cell adhesion tests, MgO-NWs corroded rapidly in solution. It is thought that  chemically 
coating the MgO NWs with materials such as TiN could slow the corrosion rate. A more 
detailed study involving biocompatibility and cytotoxicity needs to be carried out using a 
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